Rabies is a progressively fatal and incurable viral encephalitis caused by a lyssavirus infection. Almost all of the 55 000 annual rabies deaths in humans result from infection with dog rabies viruses (RABV). Despite the importance of rabies for human health, little is known about the spread of RABV in dog populations, and patterns of biodiversity have only been studied in limited geographical space. To address these questions on a global scale, we sequenced 62 new isolates and performed an extensive comparative analysis of RABV gene sequence data, representing 192 isolates sampled from 55 countries. From this, we identified six clades of RABV in non-flying mammals, each of which has a distinct geographical distribution, most likely reflecting major physical barriers to gene flow. Indeed, a detailed analysis of phylogeographic structure revealed only limited viral movement among geographical localities. Using Bayesian coalescent methods we also reveal that the sampled lineages of canid RABV derive from a common ancestor that originated within the past 1500 years. Additionally, we found no evidence for either positive selection or widespread population bottlenecks during the global expansion of canid RABV. Overall, our study reveals that the stochastic processes of genetic drift and population subdivision are the most important factors shaping the global phylogeography of canid RABV.
INTRODUCTION
Rabies is one of the most virulent diseases of humans and animals and may have been reported in the Old World before 2300 BC (Steele & Fernandez, 1991; Theodorides, 1986) . The development of a vaccine for rabies virus (RABV) by Louis Pasteur in 1886 led to the development of prevention strategies against the disease in the developed world, and this fatal encephalitis is now preventable through the timely administration of post-exposure vaccination and serotherapy (Warrell & Warrell, 2004 ). Yet, despite these medical advances, more than 50 000 people die of rabies on an annual basis, with 60 % of fatalities occurring in Asia (Knobel et al., 2005) .
RABV is a single-stranded, negative-sense lyssavirus (genotype 1; family Rhabdoviridae) with a genome size of approximately 12 kb. The genus Lyssavirus includes a number of important zoonotic bat viruses; phylogenetic analyses have determined both the evolutionary relationships among these lyssaviruses, as well as the existence of seven distinct genotypes, although this number is likely to increase with more intensive sampling (Bourhy et al., 1993; Gould et al., 1998; Kuzmin et al., 2005) . As a group, the lyssaviruses are characterized by their ecological association with specific mammalian species, which act as vectors for their transmission, such that a number of phylogenetic lineages co-circulate among a range of mammalian hosts (Davis et al., 2005; Holmes et al., 2002; Kissi et al., 1995) .
Of the mammalian RABV, those that circulate in dogs (Canis lupus familiaris) are responsible for more than 99 % of the human cases worldwide (Knobel et al., 2005) . However, despite its role as a vector for human disease, the extent and structure of viral biodiversity in this key vector species, as well as the mode and timescale of its evolution, have only been studied on a limited geographical scale. The development of trans-oceanic travel during the 15th century (Leonard et al., 2002; Verginelli et al., 2005 ) is thought to be responsible for the transmission of rabies to all continents, resulting in the global dissemination of the so-called 'cosmopolitan' dog RABV lineage (Badrane & Tordo, 2001; Kissi et al., 1995) . Although the hypothesis of RABV dispersal via trans-oceanic travel is often repeated, it has not been subjected to rigorous examination using modern molecular phylogenetics. Furthermore, the evolutionary links between dog viruses and those RABV that circulate in other members of the family Canidae (foxes and raccoon dogs) and in other families such as the Mephitidae (skunk), Procyonidae (raccoon) and Herpestidae (mongoose) were never globally analysed.
To determine the biodiversity of dog RABV, as well as its spatial and temporal dynamics, we sequenced 62 new isolates and analysed a large dataset of RABV including 192 isolates sampled from 55 countries on five continents over a time period of 37 years. To enhance the power of our phylogenetic analysis we investigated evolutionary patterns using sequences of both the complete nucleoprotein (N) (1335 nt) and glycoprotein (G) (1572 nt) genes. Phylogenetic and Bayesian coalescent approaches were applied to reveal both the timescale of RABV evolution in dogs and, for the first time, to explore the global phylogeography of this important human and wildlife pathogen.
METHODS
Phylogenetic analysis. To investigate the global genetic diversity of RABV we analysed a total of 151 sequences (1335 nt) of the N (nucleoprotein) gene for which the time (year) of sampling was available. We also compiled a larger dataset of 190 sequences of the N-terminal region of the N protein (400 nt) for which the sampling date was often unavailable (excluding vaccine strains). In addition, 74 complete G gene sequences (1572 nt) were analysed. In total, 91 N and G gene sequences isolated from non-flying mammals and sampled from 14 countries were newly determined in this study by using methods described previously Holmes et al., 2002; Kissi et al., 1995) and the primers described in Supplementary Table S1 (available in JGV Online). GenBank accession numbers for the newly acquired sequences are designated EU086128-EU086218 (Supplementary Table S2 ). Relevant epidemiological information for all those RABV isolates of canid origin analysed in this study is presented in Supplementary Table S2. For each dataset we inferred maximum-likelihood (ML) phylogenetic trees using the PAUP* package (Swofford, 2003) . In all cases, the best-fit model of nucleotide substitution, determined using MODELTEST (Posada & Crandall, 1998) , was the most general GTR+I+C 4 model. Successive rounds of tree-bisection reconnection branch-swapping were then used to determine the globally optimal phylogeny. To assess the reliability of key nodes on each tree, we used a bootstrap resampling analysis, employing 1000 replicate neighbourjoining trees estimated under the ML substitution model.
Evolutionary and population dynamics. Rates of nucleotide substitution (per site, per year) and the time to most recent common ancestor (TMRCA) for both the complete N and G gene datasets (for which year of sampling was available) were estimated using the Bayesian Markov chain Monte Carlo (MCMC) method available in the BEAST package (Drummond & Rambaut, 2007) , again utilizing the GTR+I+C 4 model of nucleotide substitution. Because preliminary analyses revealed that the population dynamics of RABV supported a model of constant population size through time, we restricted our analysis to this demographic model [although similar evolutionary dynamics, with overlapping 95 % highest posterior density (HPD) values, were estimated under both exponential population growth and Bayesian skyline models; full results available from the authors on request]. We also considered both strict and relaxed (uncorrelated log normal ) molecular clocks; the latter was the best supported under Bayes Factors, as calculated through the TRACER program (http:// tree.bio.ed.ac.uk/software/tracer/), although similar results were observed under both clock models. Finally, to remove any estimation error induced by species subdivision, we performed separate analyses on those viruses sampled from terrestrial mammals and those from bats. An equivalent analysis was performed on G sequences for (i) the entire dataset and (ii) terrestrial mammals only. The statistical uncertainty in each parameter estimate was provided by values of the 95 % HPD and all analyses were run for sufficient time to ensure convergence (assessed using the TRACER program).
We used the CODEML program within the PAML package (Yang, 2007) to estimate the mean ratio of non-synonymous (d N ) to synonymous (d S ) substitutions per site (d N /d S ) for RABV from non-flying mammals. This overall d N /d S ratio was calculated using all branches in the N gene ML tree (the one-ratio model). To examine selection pressures in more detail, a separate d N /d S value was estimated for both the external and internal branches of the same phylogeny (the two-ratio model).
Analysis of spatial dynamics. We utilized a parsimony-based approach to determine the geographical structure of dog RABV, based on an ML tree of 130 complete N gene sequences from non-flying mammals (comprising the 126 dated sequences that were used previously and four isolates with no sampling date) rooted by those viruses sampled from bats. This analysis considered global ecoregions, defined as the largest biogeographic divisions on earth, which are likely to influence patterns of viral migration. Hence, ecoregions correspond to homogeneous geographical units of representative habitats and species assemblages (Olson et al., 2001 ). This approach is justified since the global spread of dogs clearly occurred after their domestication approximately 15 000-17 000 years ago (Leonard et al., 2002; Savolainen et al., 2002; Verginelli et al., 2005) and hence prior to spread of RABV (see Results). Five major ecoregions were distinguished here: Afrotropic, Indomalaya, Neartic, Neotropic and Palearctic. These were subdivided further into smaller subregions representing the geographical proximity of the sampling countries (Olson et al., 2001 ) (see also http:// www.worldwildlife.org/science/ecoregions/biomes.cfm, http://www. nationalgeographic.com/wildworld/terrestrial.html). This classification was chosen as the best approximation to the geographical distribution of the mammalian hosts of RABV. Overall, we collected sequences from 55 different countries, encompassing all 5 major ecoregions.
Each RABV sequence was assigned a character state reflecting its country of origin within a specific ecoregion (Table 1 ). The number of unambiguous character state changes observed among each region on the ML tree was then recorded and compared with the number expected under the null hypothesis of panmixis, generated by creating 1000 randomized trees. A matrix of differences between the number of character state changes in the observed and expected phylogenies was created to determine the direction of any migration events; the extent of migration (or population subdivision) is defined by the differences between each corresponding pair of expected and observed character states. A negative value indicates the degree of genetic isolation, whereas a positive value signifies migration. All analyses were conducted using PAUP* (Swofford, 2003) .
RESULTS

Phylogeography of RABV
Consistent with previous analyses based on smaller datasets, the ML trees of complete N genes (25 sequences obtained from bats and 126 sequences from non-flying mammals; 151 sequences in total; Fig. 1 ), G genes (three sequences from bats, 71 sequences from non-flying mammals; Fig. 2 ) and partial N genes (27 sequences from bats, 163 sequences from non-flying mammals; Supplementary Fig. S1 , available in JGV Online) indicated that viruses generally grouped according to their geographical origin, such that RABV has a clear spatial structure. We explored the causes of this spatial patterning in more detail.
Notably, the phylogenetic trees of the N and G genes possessed similar topologies, indicating that equivalent clades, with matching geographical distributions, are defined by both trees (Figs 1 and 2 ). Because of its larger sample size, the N gene tree is particularly informative. Clearly, bat-and dog-associated RABV form distinct phylogenetic groups, with the latter comprising six major clusters (each with strong bootstrap support), identified as the Africa 2, Africa 3, Arctic-related, Asian, Cosmopolitan and Indian subcontinent clades ( Fig. 1; Supplementary Fig.  S1 ). In brief, the Cosmopolitan clade included dog, wolf and fox isolates from Europe, the Middle-East, Iran, Kazakhstan and further east to the Republic of Tuva in Russia David et al., 2007; Kissi et al., 1995; Kuzmin et al., 2004) . It also included a number of dog RABV isolates from the Americas (Mexico, Colombia and Brazil) and those previously denoted the Africa 1 lineage, which is distributed in North, Central and South Africa (Kissi et al., 1995) , suggesting that they most likely represent secondary migrations from Eurasia. Two other viral clades were specific to Africa. The Africa 2 clade contains dog isolates that have a large geographical range in West Africa, including Mauritania, Guinea, Ivory Coast, Burkina Faso, Cameroon, Benin, Nigeria and Chad (Kissi et al., 1995) . In contrast, the Africa 3 group of viruses was associated with carnivores of the family Herpestidae (mainly the yellow mongoose), which is the main vector Table 1 . Parsimony analysis of migration frequency and direction among isolates of RABV from terrestrial mammals inferred using the complete N gene Positive values (bold type) indicate viral migration between the specified regions (the larger the number, the greater the extent of migration), while negative values are indicative of population subdivision. The table is read across from the 'origin' row to the appropriate column (i.e. migration from A to B is 0.64). A-E, Palearctic: A, Europe; B, Afghanistan, Iran, Pakistan; C, Algeria, Egypt, Mauritania, Morocco; D, Kazakhstan, Russia; E, China, Korea. F-H, Indomalaya: F, Cambodia, Laos, Myanmar, Thailand, Vietnam; G, Indian Ocean; H, Indonesia, Philippines. I-N, Afrotropic: I, Mozambique, Namibia, South Africa; J, Benin, Burkina Faso, Democratic Republic of Congo, Guinea, Ivory Coast, Niger; K, Tanzania; L, Ethiopia; M, Oman Sultanate, Saudi Arabia; N, Cameroon, Central African Republic, Chad, Gabon, Nigeria. O, Nearctic: Canada, Greenland. P, Neotropic: Brazil, Colombia, Mexico. Q, Outgroup: India, Sri Lanka. Origin and phylogeography of dog rabies virus of rabies in the central plateau of southern Africa Nel et al., 2005) , although only a single Africa 3 clade virus was available for study here (and none in the G gene tree). The Arctic-related clade included viruses sampled from dog, raccoon dog, arctic fox, red fox, striped skunk and wolf; these circulate as a number of lineages occupying a large area across the Northern hemisphere, ranging from central to eastern Asia (Russia, Nepal, the north of India, Korea) as well as Greenland and North America (Hyun et al., 2005; Kissi et al., 1995; Kuzmin et al., 2004; Mansfield et al., 2006; Park et al., 2005) . This clade has also been documented in Iran and Pakistan (Nadin- Davis et al., 2003) . We provide the first definitive evidence for a widely distributed Asian clade. This included viruses from South-east Asia, namely Myanmar, Thailand, Laos, Cambodia and Vietnam (Ito et al., 1999; Yamagata et al., 2007) , China (Meng et al., 2007; Zhang et al., 2006) and also from Indonesia and The Philippines (Nishizono et al., 2002) . Finally, the Indian subcontinent clade of RABV was distributed only within southern India and Sri Lanka (Arai et al., 2001; Nanayakkara et al., 2003) . This clade is particularly notable because it occupies a basal position on the non-flying mammal part of the RABV phylogeny based on N sequences (bootstrap support of 73 %), suggesting that it was the first of this group to diverge. Although fewer sequences were available in the G gene tree, the lineage representing the single available Indian subcontinent clade virus is still one of the first to diverge, consistent with the pattern seen in the N gene. Indeed, the divergent position of the Indian subcontinent clade observed in the N gene phylogeny could not be rejected by the G gene data under a Shimodaira-Hasegawa test (P50.219).
Spatial dynamics of dog RABV
To explore the spatial dynamics of dog-associated RABV in more detail, we determined the extent and pattern of geographical subdivision in our expansive N gene dataset. This revealed a strong population subdivision by geographical region (P¡0.001, compared with the null hypothesis of panmixis), confirming the broad-scale observations from our phylogenetic analysis. Specifically, across 130 sequences from 17 geographical regions, we found only 17 unambiguous changes in geographical location, compared with an average of 33 under the random expectation of panmixis. Similarly, only 14 of 272 pairwise comparisons (5 %) among geographical regions exhibited positive correlations (P.0), indicative of migration between them (Table 1) . Further, all positive correlation values were weak, with the strongest evidence for migration between Kazakhstan and Russia to Canada and Greenland, and from China and Korea to The Philippines and Indonesia (Table 1) , both probably due to human interventions. It was also striking that the majority of the 14 positive migration events involved contiguous geographical regions (such as those within Africa), with only occasional long distance (trans-continental) migration, particularly involving those viruses present in Latin America. In contrast, 190 of 272 pairwise comparisons (70 %) exhibited negative correlations (P,0), highlighting the strength of population subdivision.
The timescale of RABV evolution
We employed a Bayesian coalescent approach to determine the timescale of RABV evolution. (Badrane & Tordo, 2001; Davis et al., 2005 Davis et al., , 2006 Davis et al., , 2007 Holmes et al., 2002; Hughes et al., 2004 Hughes et al., , 2005 and did not differ widely by either demographic or clock model. Although a higher mean rate of evolutionary change was observed in the small sample of N genes from bat viruses (mean56.3610 24 subs per site per year; 95 % HPD values51.8210.6610 24 subs per site per year), we noted a major difference in branch lengths between two clades of bat RABV (Fig. 1) , with anomalously short internal branches in those viruses associated with Myotis spp. and Eptesicus fuscus bats (Davis et al., 2006) . Although this might be indicative of larger-scale differences in substitution rate and might explain the large 95 % HPD values in this case, the small sample size precludes further investigation.
Using the same approach, we were able to estimate the timescale of RABV evolution. Specifically, the TMRCA of all the RABV lineages sampled here (both bats and nonflying mammals) was estimated to be approximately 749 years (95 % HPD 363-1215 years), which was similar to the TMRCA estimated for non-flying mammal clades in isolation (761 years with a 95 % HPD 373-1222 years). A similar timescale, with overlapping 95 % HPD values, was observed for the smaller sample of G gene sequences (mean5583 years; 95 % HPD values5222-1116 years), suggesting that these estimates are robust. Hence, there was a relatively rapid lineage radiation during the early evolutionary history of RABV in non-flying mammals. These estimates of age of genetic diversity are also consistent with previous analyses of RABV in Europe, Africa and the Northern hemisphere Davis et al., 2007) and depict an evolutionary diversification far more recent than the domestication of dogs. In contrast, the genetic diversity within the bat viruses sampled appeared more recently [consistent with previous estimates (Davis et al., 2006; Hughes et al., 2005) ], with a mean TMRCA of only 180 years (95 % HPD569-342 years), although the available dataset is small. Taken together, all of the TMRCAs estimated here suggest that the sampled lineages of RABV originated within the past 1500 years.
Selection pressures on dog-associated RABV
The overall d N /d S of RABV was very low (0.045), indicating that the main evolutionary pressure acting on this virus is strong purifying selection, which is in agreement with previous data (Holmes et al., 2002) . This was confirmed by the observation that d N /d S was far higher on external (0.077) compared with internal (0.018) branches, such that most non-synonymous polymorphisms are likely to represent transient deleterious mutations that never achieve fixation (Pybus et al., 2007) . This, in turn, suggests that the expansion of the canid clades was not associated with either adaptive evolution or population bottlenecks of sufficient magnitude to result in the fixation of slightly deleterious non-synonymous mutations.
DISCUSSION
The spatial and temporal dynamics of RNA viruses are often reflected by their phylogenetic structure (Biek et al., 2006; Grenfell et al., 2004; Holmes, 2004) . As such, detailed phylogenetic analysis of viral populations provides a valuable insight into the pattern and rate of geographical dispersal, especially for viruses that are subject to little natural selection at the epidemiological scale, as is likely to be the case for lyssaviruses Davis et al., 2005; Holmes et al., 2002; Kissi et al., 1995) . The aim of the analysis presented here was to determine the phylogeographic structure of RABV on a global basis and to reconstruct the spatial and temporal dynamics of this virus.
On a broad-scale, our study places the phylogeography of RABV in a global context. Specifically, we show that the current global genetic diversity of RABV from non-flying mammals can be represented by six major and geographically distinct phylogenetic clades, thereby extending previous studies of viral biodiversity. Our analysis also suggests that these clades of terrestrial mammal RABV may have an ancestry that lies with domestic dogs from the south of the Indian subcontinent, as the latter are clearly represented by the most phylogenetically divergent clade in the N gene tree. However, this hypothesis will clearly need to be confirmed with a larger sample of sequences representing a wider range of geographical localities, and with longer sequences to achieve greater phylogenetic support. Further, using coalescent-based methods to estimate times to common ancestry, we were able to show that this evolutionary diversification most likely occurred within the last 1500 years. Consequently, any older canid RABV lineages, proposed to have circulated in the MiddleEast more than 2000 years ago (Steele & Fernandez, 1991; Theodorides, 1986) , either have not survived to be sampled in the current study, were caused by an independent spillover from bats that later died out or were due to a different lyssavirus genotype.
Lyssaviruses are zoonotic infections that invariably spill over into non-reservoir hosts (humans, bovines, small ruminants, cats etc). Onward transmission within these dead-end hosts is not sustained, so the successful transmission of RABV in new host species is likely to represent a major adaptive challenge (Kuiken et al., 2006) . This is, in part, a reflection of the strong selective constraints that act on RABV, resulting in a high rate of deleterious mutation and hence in relatively low rates of non-synonymous substitution, including at sites that might potentially enhance fitness (Holmes et al., 2002; Kissi et al., 1999) . At a larger level, both the N and G gene phylogenies indicate that viruses sampled from other species of the family Canidae, such as foxes and raccoon dogs, as well as hosts belonging to other families within the Carnivorathe Herpestidae in southern Africa and the Mephitidae (skunks) in America -are interspersed within the phylogenetic diversity of dog RABV. While we found no significant evidence for adaptive evolution, our observation strongly suggests that the dog has served as the main vector for inter-species RABV transmission, generating viral lineages that then spread to other taxa. Determining the genetic basis of the traits that govern cross-species transmission clearly represents a major goal for future research on RABV and for emerging viruses in general, although it is important to note that patterns of crossspecies transmission may also be in part determined by the ecological factors that shape host contact rates.
Our phylogenetic analysis of migration patterns is notable in that it reveals a strong population subdivision in RABV on a global scale, in contrast to the more fluid dynamics seen when the virus spreads through a specific geographical region . The geographical spread of RABV in non-flying mammals at a global level (and over a period of less than 1500 years) has therefore occurred at such a low rate that its phylogenetic structure is dominated by population subdivision rather than gene flow (Criscione & Blouin, 2005) . Hence, despite the relatively recent timescale of RABV evolution, its current biodiversity is characterized by a series of spatially distinct clusters that experience relatively little contact among them. It is likely that this lack of admixture reflects the influence of major geographical barriers to gene flow, as previously demonstrated for RABV in Europe . Indeed, the importance of physical isolation is supported by the phylogeographical patterns observed here, which suggest that both the Himalayan mountains and the Sahara Desert have acted as barriers to gene flow; the former explaining, in part, the spatial partitioning within the Asian clade, and the latter, the different phylogenetic groups seen in Africa. Conversely, a lack of major physical barriers, thereby enabling gene flow, may explain why those viruses from the Arctic-related clade occupy such a wide geographical range. Alternatively, it may be that after initial colonization there is little viral spread to adjoining regions, perhaps because immigrating viruses have a low probability of establishment in areas where other RABV already circulate . However, whether such exclusion barriers to gene flow can explain broad-scale phylogeographic patterns is uncertain.
There are now several examples illustrating how the long distance transmission of RABV is facilitated by humanmediated animal movements (Fevre et al., 2006) , including the translocation of infected raccoons from Florida to Virginia for hunting (Jenkins & Winkler, 1987) and the importation of dog rabies in Flores Islands in Indonesia in 1997 (Windiyaningsih et al., 2004) , both of which resulted in the rapid spread of RABV. Indeed, the movement of rabid domestic dogs is clearly still a major threat for rabiesfree areas . However, the strong population subdivision observed here suggests that, other than large-scale and often inter-continental translocations, humans were not normally responsible for the dispersal of rabid animals and hence RABV. Further, the lack of admixture among clades supports the idea that, over longer timescales, the persistence of RABV in its enzootic stage does not depend upon regular immigration of infected individuals . Rather, it is more likely that the dispersal of RABV reflects the gradual spatial spread of virus within animals that themselves move relatively small distances, as previously demonstrated in Europe with red foxes and raccoon dogs and in North American raccoons . The only exceptions found in our study, which most likely reflect human intervention, are the migration of virus from Russia to Canada and Greenland and from China to the Philippines and Indonesia.
The phylogenetic pattern depicted here -of distinct, geographically based clades with few intermediate lineages -is in contrast with recent studies of raccoon RABV in North America. In this case, phylogenies of isolates sampled over a period of 30 years were characterized by high rates of branching near the root of the tree, indicative of both spatial and demographical expansion . There are two explanations for the long-term phylogeographical pattern revealed here: that fitness differences among lineages have enabled some to outcompete others, resulting in a selective purging of lineages, or that intermediate lineages have died out because of stochastic processes alone. Although it is possible that the fixation of advantageous mutations that enable RABV to adapt to new host species has occurred but cannot be detected by current methods, the very low d N /d S values observed throughout RABV evolution, as well as their bias towards external branches, suggests that purifying, rather than positive selection, dominates evolutionary dynamics. Therefore, we propose that random processes have had a more profound effect on long-term phylogeographical patterns in RABV. Specifically, over extended time periods, many of those lineages that appear in short-term demographical expansions are lost randomly by genetic drift, leaving the spatially disjunct phylogeographical clades observed here. This stochastic picture of RABV phylogeography, analogous to an allopatric model of speciation, is also compatible with simple population genetic theory. In a haploid population, the mean time to common ancestry, 2N e t (where t is the generation time between transmission events and N e the effective population size), is likely to bẽ 2 months in the case of canid RABV (Fekadu, 1991) . In both this study and that of Biek et al. (2007) , N e t ranges from 10 2 to 10 3 , leading to mean TMRCAs of a few hundred years, indicating that both studies are in agreement regarding the timescale of RABV evolution, as depicted here. Hence, the dual processes of random genetic drift and geographical isolation alone are likely to be sufficient to explain the long-term phylogeographical patterns of dog-associated RABV.
